Abstract. Optical constants of Cu 2 ZnSnS 4 thin films formed using thermal annealing of pre-deposited layers of copper, zinc and tin sulphides on glass substrates at different temperatures and ambient atmosphere were determined. It has been shown that films grown at lower temperatures have the tetragonal structure of kesterite, and the corresponding value of the optical band gap is 1.47 eV.
Introduction
Nowadays photovoltaic devices around the world provide production of about 20 GW of electrical power. Almost 90% of them are based on silicon solar cells, the effectiveness of which reaches theoretical limits, and their cost is still quite high. One of the solutions to reduce the cost of manufacturing photovoltaic modules is use of thin-film technology. However, in this respect, single-crystal silicon is not an effective material, because it has an indirect energy band structure and, consequently, it has a relatively low value of absorption of solar radiation in the visible and near infrared bands (1-2 eV). Switching to involving the direct energy band materials can significantly reduce the thickness of semiconductor layer that efficiently absorbs incident radiation in this range.
High interest in investigation of quaternary semiconductor compounds based on chalcogenides and widespread elements of groups II and IV, for example of the Cu 2 B II C IV S 4 type, a typical representative of which is Cu 2 ZnSnS 4 (CZTS), is caused by search of new materials for designing solar cells. Their direct energy band determining the high interband absorption coefficient for solar radiation in the visible spectral range is turn-point to make solar cells to be cheaper. The other two important factors for potential use of CZTS in solar cell application are widespread in the crust of the constituent elements and their sustainability in manufacturing processes and application.
Up to date, the efficiency of CZTS-based solar cells has reached the level close to 12.6% [1] . To increase the efficiency, several problems should be solved. They are collected in series as follows: the presence of non-stoichiometry elemental composition of CZTS and the concentration of intrinsic defects in the crystallographic structure and conformably in the energy band gap; properties of CZTS by coexistence of crystallographic phases and by the possible impurities of secondary binary and ternary compounds formed during the synthesis.
In this work, optical and vibrational properties of Cu 2 ZnSnS 4 thin films obtained by thermal annealing the pre-deposited binary compounds ZnS, CuS and SnS on glass substrates were investigated. Annealing was carried out at two different temperatures and in two different gas atmospheres. To determine optical constants of this material, the spectra of light reflection were analyzed at normal incidence, which is convenient from the viewpoint of conversion of complex-conjugate functions using dispersion Kramers-Kronig integrals [2] . It is known that, to obtain reliable results, if using the dispersion Kramers-Kronig integrals, precise measurements of reflection spectra in the whole optical range should be carried out. In addition, their use for calculating the optical constants suggests that the experimental studies are performed with fairly thick material, for which the reflection spectrum is recorded between two semi-infinite media.
Experimental technique
In this work, Cu 2 ZnSnS 4 thin films were obtained using deposition of binary compounds ZnS, CuS and SnS on glass substrates with pre-deposited molybdenum as a bottom layer. Annealing was carried out at two different temperatures 370 and 390 ºC in air and in nitrogen atmosphere. The use of relatively low temperature was applied to compare with results of deposition of similar structures on flexible organic polymer films.
Reflection spectra were recorded using the spectrometer Shimadzu UV-3600, and surface morphology was investigated applying the scanning electron microscope (SEM) Tescan Mira 3 LMU. Component compositions were determined using energy-dispersive X-ray spectroscopy (EDX) with Oxford instruments INCA x-sight that was built in the SEM. To investigate structural properties of Cu 2 ZnSnS 4 , the method of m-Raman spectroscopy (T64000 Horiba Jobin Yvon) was employed. For excitation of Raman spectra, radiation of Ar + -laser with the wavelength 514.5 nm was used. The power of laser radiation was chosen sufficiently minimal (the laser power density was 0.1 mW/μm 2 ) in order not to add changes in the film structure during these measurements. All the measurements were performed at room temperature. Moreover, Raman spectra were recorded in different parts of each sample, because of morphology and the phase inhomogeneities on the top of film surface were visible in the optical microscope. After that, the collected results were averaged to obtain the average parameters of the existing medium as well as to establish the nature of some crystalline phases that segregated. Spectra of photoluminescence (PL) were recorded at the temperature of liquid nitrogen. The excitations of spectra were carried out upon the incidence of light of Nd: YAG laser with the wavelength 532 nm.
Results and discussion
It is known that, during high-temperature annealing, atoms of sulphur rapidly evaporate from the surface of CZTS [3] . Being based on this fact, to obtain compounds with stoichiometric component ratio (2:1:1:4) annealing should be carried out in atmosphere of sulphur. Moreover, in the course of annealing in sulphur atmosphere, zinc first takes all of the sulphur saturation according to the electrochemical activity of a number of metals. To clarify this mismatch, it should be first analyzed the reactions of formation of sulphides by using standard oxidation-reduction potentials for binary compounds that were collected in the table [4] .
We can see from Table 1 that the first metal will be reduced to atomic state in the process is copper. Therefore, observation of the CuS and Cu 2 S phases in the synthesized film after sulphurization is the most probable. Indeed, this assumption is confirmed by the results of the studies of such structures by Raman spectroscopy and X-ray diffraction (XRD) in many works [3, [5] [6] [7] . On the other hand, the CuS and Cu 2 S phases are less stable in contrast to ZnS and MoS 2 . As can be seen from the Table 2 , the standard molar enthalpy of their formation is minimal in its absolute value for a number of binary compounds [4, 8] .
The standard molar enthalpy of formation of any substance is a measure of its stability. The higher is the absolute value of the enthalpy for formation of such compounds, as we assume, the more stable is this compound. Therefore, during their synthesizing CZTS films were formed using such compounds as ZnS, MoS 2 , CuS, Cu 2 S. As can be seen from Fig. 1 , surface morphology of CZTS films strongly depends on technological conditions during their synthesis: annealing temperature and atmosphere of processing. The increase in the temperature of synthesis only by 20°C from 370 to 390°C results in significant changes in surface morphology of the formed CZTS films. To determine the component structure of formed films and individual phase inclusions, local-EDRS studies were carried out in various regions of the film surface. For separating the bands in the EDRS spectrum obtained from the individual elements, the energy of electrons used for sensing was relatively large, resulting in a contribution to the range of items from all over the film thickness. However, in this case, it is possible to get information about the elemental composition inhomogeneities arising on the surface of the films during its synthesis (Fig. 1) . From these investigations, it was found that the elemental composition of morphological heterogeneity (Fig. 1a, region 1) corresponds to the composition enriched with Cu (Cu-rich). At the same time, in areas where the film is homogeneous (Fig. 1a, region 2 ) the ratio of the components Cu:Zn:Sn:S is closer to the stoichiometric one, although here we observed a little bit overstated content of Cu and depletion of Sn.
The Raman spectra of the CZTS films and their corresponding deconvoluted components (Lorentzians) are presented in Fig. 2 . The films were formed at the temperature close to 390°C in air (a) and nitrogen (b) atmospheres. As it is seen from the spectra shown in Figs. 2a and 2b , the main bands of the Raman spectra of CZTS films formed in air and nitrogen (N 2 ) at the temperature 370°C were practically indistinguishable. But in the addition to the main A-symmetry band of CZTS, a very intense band at the frequency 473 cm -1 is presented in the spectrum of the film formed in nitrogen at 370°C (Fig. 2c, inset) , which corresponds to the vibrations of Cu 2 S compound [9, 10] . The main contribution to the obtained spectra is given by Asymmetry bands of CZTS compound with the frequencies 288 and   and discussed in detail in [10] [11] [12] [13] [14] [15] . The bands with the frequencies 412(410) cm -1 correspond to the vibrations of the MoS 2 compound [16] . Raman spectra of the films that were synthesized in air (Fig. 2a) are slightly different from the spectra of the films formed in nitrogen (Fig. 2b) . Although, it should be noted that the frequency position of Raman bands in respect with the films formed in nitrogen atmosphere is somewhat lower. During annealing, the presence of oxygen in air can cause interaction of individual elements in CZTS films with oxygen, which is reflected in a decrease of the vibrational frequency of the main modes inherent to material. Analysis of half-widths of Raman bands in the films formed in different atmospheres showed that their values for the bands in the first case are less than that of the latter one by 4 cm -1 . Perhaps, it is caused by partial oxidation of the binary and ternary phases formed in the course of the synthesis of CZTS. It results in reduction of their contribution to the mechanical stress stability of main material and, therefore, reduction of the half-width of the bands occurs. The half-widths of the bands observed in the abovementioned films are larger by 8 cm -1 as compared with the similar films obtained at higher temperatures of synthesis (475…600°C) (see Ref. [13] ). The obtained results should be improved to reach values [13] , however, the use of lower temperatures of annealing is a prerequisite to pronounce the perspectives of formation of the structures on the flexible organic polymer films that are not suitable to be treated at higher temperatures.
Thus, to make the analysis of the Raman spectra of all the films, we conclude that the annealing temperature within the range from 370 to 390°C does not provide a significant effect on the frequency position and intensity of bands. But, when the sample is formed at one temperature, but in different atmospheres, the corresponding spectra differ quite significantly from each other (Fig. 2) .
Optical reflection spectra R(λ) of the CZTS film that were obtained under different technological conditions are shown in Fig. 3 . Analysis of the experimental data showed that the reflections of the films with increase of the annealing temperature are significantly reduced, namely, in air by 8% and in N 2 -25%. A significant decrease in the reflectivity of the films annealed in N 2 can be attributed to the microstructure of the film. SEM images (Figs. 1a and  1b) show that the films annealed at 370°C have a relatively lower surface density of microcrystalline grains as compared with that on the film surface (Figs. 1c and 1d) , when being annealed at 390°C. The increase in the annealing temperature by 20°C results in a significant decrease of the optical reflectivity. This result is important for designing the photoelectric multiplier, because the low reflection coefficient of the film allows to absorb more solar energy and, consequently, to increase efficiency. Optical constants of CZTS films were determined using reflection spectra within the range from 380 to 1600 nm. As well known, it is possible to determine the complex index of refraction using the Fresnel equations for the reflection function at the normal incidence of the light beam on the film, according to the formula:
where
is the complex index of refraction; n, k are real and imaginary components.
The function of the reflection is related to the Fourier transformation as follows:
. In this case, the phase shift between the incident and reflected rays  can be determined from the Kramers-Kronig dispersion integral [17] : Fig. 3 . Reflectance spectra of CZTS films grown at 370°C (1, 2) and 390°C (3, 4) .
After numerical integration of the dispersion integrals by using the trapezoidal rule with the step 1 meV, the complex refractive index and its components can be determined from the following formula:
where, n L is the refractive index of air.
It is known that the complex dielectric function and the absolute value of the refractive index are linked by equations below:
Calculation of spectral dependences for optical constants of CZTS films: the refractive n(hν) and extinction k(hν) indexes, the real ε 1 (hν) and imaginary ε 2 (hν) parts of the complex dielectric function ε was performed using packages of the applied MathCad software. The spectral dependences of n(hν) and k(hν) are shown in Fig. 4 . They were calculated from the latter two ones by using the equation (4) . Fig. 4 shows that the optical constants n(hν) and k(hν) decrease with increasing the photon energy hν. Variation of the real ε 1 (hν) and imaginary ε 2 (hν) parts of the dielectric function is similar to that observed for the optical constants n(hν) and k(hν). In Fig. 5a the spectra of the absorption coefficient α(hν) of the films versus photon energy are presented according to the treatments. These spectra were transferred from the reflection spectra by using the dispersion integrals. It should be noted that it does not lead to the significant errors in calculations, from the condition that the film thickness CZTS was grown thicker than 1 μm. It is caused by the high absorption of light by thicker films and decrease of light interference inside the glass-CZTS interface. As shown in Fig. 5a , the increase in absorption coefficient in the low energy region (hν < 1 eV) is quite sharp. An increase of the slope of the absorption curve is observed near the absorption edge for the CZTS film except the film annealed in nitrogen at 370°C, for which the absorption coefficient declines of linearity in this region. The same situation is observed for the other films in the range (hν > 1.7 eV).
In Fig. 5b the calculated absorption spectra are plotted in the Tauc coordinates for direct allowed optical transitions, which makes it possible to estimate effects of the atmosphere presences and the temperature of the annealing on the value of optical energy gap. These values are slightly less as compared with the data typical for films with a tetragonal like kesterite structure for which the optical band gap E g = 1.5 eV (see Ref. [18] ). This mismatch may appear due to availability of structural defects composed in the films both on the surface and in the bulk. In this issue, the inclusion with the energy lower than the value of E g can affect on the optical energy gap. But among them, we can see that even at low annealing temperatures (390°C) in both kinds of atmospheres, in which the films were formed, values of E g are very close to that discussed by the authors in Refs. [18] [19] [20] . Moreover, PL spectra of CZTS films were investigated at the temperatures near 80 K. They had somewhat asymmetric broad band with the peak at 1.26 eV. There are several explanations for these features. One of them, as we assume and suggested in [21, 22] for structures similar to CZTS at a low concentration of doping elements, the dominant radiation was caused by recombination of donoracceptor pairs or transition of electrons from the conduction band to the acceptor level [23] . 
Conclusion
Analysis of the Raman spectra of the films Cu 2 ZnSnS 4 that were formed by thermal annealing previously deposited of precursors layers based on copper, zinc and tin sulphides on glass substrates at different temperatures and in different surrounding atmospheres showed that they have a tetragonal structure of kesterite. Thus, it has been shown that the use of sulphides of copper, tin and zinc, in contrast to corresponding pure metals during the synthesis of these compounds, eliminates the need for the additional annealing in the atmosphere of sulfur to achieve stoichiometric structure. It is shown that changes of the temperature of the annealing from 370 to 390°C have no significant effect on the features of the Raman spectra. At the same time, changes in the atmosphere in the course of the treatments result in the shift of the frequency of the bands and change in their intensities.
From the reflectance spectra, the optical constants of the formed films were calculated. It has been shown that increase of the synthesis temperature by only 20°C from 370 to 390°C leads to a significant increase of the surface density of microcrystalline grains. It reduces the reflection coefficient of the film and provides more efficient light absorption. Therefore, conversion of light to electricity would be more efficient. From our calculations of the absorption spectra, the average estimated energy band gap of films was approximately 1.47 eV.
